At the time of birth, respiratory muscles must be activated in order to sustain ventilation. The perinatal development of respiratory motor units (comprising an individual motoneuron and the muscle fibers it innervates) shows remarkable features that enable mammals to transition from in utero conditions to the air environment in which the remainder of their life will occur. In addition, significant postnatal maturation is necessary to provide for the range of motor behaviors necessary during breathing, swallowing and speech.
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Motoneurons change their complement of ion channels and transporters during embryologic development as their electrophysiological properties become more mature (39, 69) . Between E14 and E17, phrenic motoneurons are electrically excitable and can generate action potentials (40). They exhibit depolarized resting membrane potentials and high input impedance (70) , which may facilitate activation by generalized rhythmic motor patterns in the spinal cord and the weak inspiratory premotor drive ~E17 (22).
Subsequent increases in Ca
2+ -activated K + conductances allow for greatly increased phrenic motoneuron firing rates prenatally (70) . Expression of the K + /Cl -co-transporter KCC2 also progressively increases in motoneurons after E17, changing cellular Cl -gradients (93) and making GABA currents hyperpolarizing rather than depolarizing (78) . Taken together, these changes may allow for inspiratory recruitment of DIAm motor units at birth and onwards. The mechanisms underlying changes in motoneuron electrophysiological properties and their relationship to the concomitant changes in motoneuron morphology deserve further investigation.
Diaphragm Muscle. In general terms, all skeletal muscle fibers including those in the DIAm undergo: 1) commitment when mesodermal progenitor cells transform into myoblasts, and 2) terminal differentiation when myoblasts fuse to form myotubes and myofibers. Whether myogenesis follows an intrinsic genetic program or is subject to extrinsic regulation by positive signaling cues and/or removal of inhibitory signals is controversial (3). However, there is increasing evidence that myogenesis is induced by the expression of bHLH transcription factors known collectively as muscle regulatory factors (MRFs), which include MyoD, myogenin, Myf-5, and MRF4 (105) . The MRFs function as molecular switches, initiating myogenesis through binding to cis-acting DNA control elements known as E-boxes (71) , which are present in the promoter regions of many skeletal muscle specific genes (13). DIAm embryogenesis was recently revisited by studies using molecular markers of muscle development (4, 5).
The traditional view of DIAm development called for a complex derivation of the DIAm (106).
However, Greer and colleagues showed that the DIAm derives from the pleuroperitoneal fold by examining
MyoD and myogenin expression in the primordial DIAm (5). They reported no evidence for muscle precursors migrating from the septum transversum or esophageal mesenchyme. Accordingly, congenital defects in DIAm development likely arise from malformation of the pleuroperitoneal fold itself rather than from incomplete fusion of DIAm sections. This view is further supported by the similar pathology observed 7 in human tissues and experimental models of congenital DIAm hernias induced by teratogenic, dietary or genetic manipulations (4, 20) . Whether this novel view will lead to much needed advances in the treatment and prevention of congenital DIAm hernias has to be substantiated in future studies.
In the rat, myoblasts likely migrate from cervical somites (brachial plexus region) and reach the pleuroperitoneal fold at ~E12. Myoblasts then radiate on a mesenchymal substrate into all regions of the DIAm by E17, leaving a small tendinous portion between the costal and crural regions as well as the central tendon amuscular. Myotube formation occurs after myoblasts have migrated from the myotome to their final location in the thoracic or abdominal walls, a process that is marked by expression of Myf-5 and cmet. In the primordial DIAm, Myf-5 and c-met are expressed between E10 and E12. In the absence of cmet (a tyrosine kinase receptor for hepatocyte growth factor/scatter factor), myoblasts fail to migrate (9) and an amuscular diaphragm forms (5). Other factors, present in the extracellular matrix (e.g., fibronectins
and laminins), basal lamina (e.g., muscle and neural cell adhesion molecules and M-cadherin), cell membrane (e.g., 1-integrin) and cytoskeleton (e.g., actin and desmin), also modulate terminal differentiation (54). Both proliferation and differentiation of myoblasts are affected by in vitro passive mechanical strain (100). Undoubtedly, terminal differentiation and myotube/myofiber formation result from complex interactions between the differentiating myoblasts and their environment, and much remains to be elucidated.
Importantly, terminal differentiation occurs in concert with intramuscular branching of the phrenic nerve (2), but the exact role of neural influence is not clear. Even though myotubes/myofibers form in vitro in the absence of innervation, they do so at a much slower pace compared to in vivo, indicating that neural influence may facilitate the normal process of terminal differentiation and formation of myotubes/myofibers. This "facilitating" neural influence needs to be explored further. Electrical activity can be elicited in phrenic motoneurons and action potentials generated at the time of intramuscular branching (~E14), raising the prospect of both electrical (activity) and trophic neural effects on muscle development (40). The late embryonic maturation of phrenic motoneurons is accompanied by increases in specific force and twitch contraction times in the DIAm (68) . This concerted maturation of motor unit properties may thus permit chest excursion necessary for respiration despite weak inspiratory drive to motoneurons at birth.
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Neuromuscular Junctions. Coincident with myoblast migration within the primordial DIAm, the phrenic nerves exit the cervical spinal cord and follow migrating myoblasts within the pleuroperitoneal fold. It is not clear whether the initial targets of phrenic nerve terminals are the pleuroperitoneal membranes rather than myoblasts themselves (2, 38). Regardless, the phrenic nerve radiates within the pleuropericardial folds to a medial location between the pericardial and pleural cavities.
As phrenic nerve terminals grow into the primordial DIAm, there is also postsynaptic specialization, with expression and aggregation of cholinergic receptors (Fig. 1 ). In the rat DIAm, aggregation and clustering of cholinergic receptors is apparent at ~E13. The process of aggregation of cholinergic receptors has received considerable attention, and it is thought that this process involves agrin secretion by the nerve terminal, its incorporation into the basal lamina, subsequent activation of MuSK receptors at the postsynaptic membrane and finally rapsyn-mediated cholinergic receptor clustering (60, 81) . Cholinergic receptor clustering can occur in the absence of neural influence and presynaptic terminals seemingly incorporate pre-patterned cholinergic clusters into a forming neuromuscular junction. Early cholinergic receptor clusters are likely stabilized through the complex interplay of activity and neuralderived influences, e.g., agrin or neuregulin (46) .
Postnatal Development of DIAm Motor Units
Phrenic Motoneurons. Phrenic motoneurons exhibit significant postnatal growth (16, 17). For example, rat phrenic motoneurons increase in both soma and dendrite dimensions between postnatal day 21 (P21) and adulthood ( Fig. 3) . Importantly, motoneuron soma volume and surface area increase proportionately to the growth in DIAm fiber cross-sectional area (73) , suggesting that even during postnatal development, it is important to match motoneuron and muscle fiber properties.
In the adult, a hallmark of motor control is the match between the phenotypic properties of a motoneuron and the muscle fibers it innervates. (84, 86, 88) . However, recruitment of additional motor units is required to generate more forceful ventilatory behaviors associated with increased ventilatory demand (e.g., during jumping or running) and some non-ventilatory behaviors (e.g., coughing, sneezing).
The more homogeneous and smaller size of phrenic motoneurons during postnatal development is consistent with increased excitability (44, 94 ) that would lead to more complete and synchronous recruitment of DIAm motor units necessary to sustain resting ventilation in the neonatal rat. The characteristic heterogeneity of motor unit phenotypes present in the adult rat DIAm develops following weaning (~P21) when motor unit innervation ratio (i.e., the number of muscle fibers innervated by a single motoneuron) becomes fixed. Before weaning, it is difficult to determine whether synapse elimination and/or secondary myogenesis contribute to changes in motor unit size. Synapse elimination may affect motoneuron size via an effect on innervation ratio. For instance, in the adult mouse hindlimb, partial denervation that increases innervation ratio results in an increased size of motoneuron somata (97). In the rat DIAm, synapse elimination continues through P14; thus, if anything, innervation ratio is reduced during These fiber type differences in neuromuscular junction morphology develop postnatally, with neuromuscular junctions in the neonatal DIAm being smaller and less complex than in the adult. Although much attention has been paid to synapse formation and elimination, the mechanisms underlying neuromuscular junction diversity are poorly understood. It is possible that maturation of all motor unit 13 components results from the matching of muscle fiber and motoneuron properties within a motor unit, either as a result of genetically determined programs or interplay between activity patterns and both myogenic and neurogenic trophic effects. Further studies are needed to address these important questions.
Consistent with the motor unit type-dependent differences in neuromuscular junction morphology, electrophysiological properties of neuromuscular transmission also exhibit considerable diversity across motor units. For instance, the amplitude of excitatory post-synaptic potentials correlates with the input resistance of the motoneuron (15). The safety factor for neuromuscular transmission (defined as the ratio of the excitatory post-synaptic potential amplitude to activation threshold of a muscle fiber) varies across fiber types, being larger for type IIb DIAm fibers than for type I or IIa fibers (25). With repeated activation, the amplitude of excitatory post-synaptic potentials declines to a greater extent at terminals of type I or IIa fibers than at type IIb fibers (79) . Taken together, these findings suggest that the probability of synaptic vesicle release is reduced at type I or IIa fibers, which may serve to limit the depletion of synaptic vesicles from these terminals during repeated activation. Importantly, neuromuscular transmission failure in the 
Mechanisms Regulating Postnatal Motor Unit Development
Although diversity in motor unit phenotype could be determined genetically and established early during embryonic development, based on the temporal associations between innervation and the major Page 13 of 31 developmental events in muscle specialization ( Fig. 1; Fig. 2 the activity levels of these motoneurons change dramatically during development (changing from most to least active) or the number of muscle fibers innervated by these motoneurons must be greater initially (accommodating the subsequent greater loss of synaptic contacts). It is also possible that the pattern of activity may be more important than the total level of activity in defining synapse elimination (6). In addition, differences in muscle fiber lineage and/or MHC isoform expression may contribute to synapse elimination as motor unit innervation becomes established.
Unilateral denervation of the rat DIAm alters normal transitions of MHC isoform expression and affects postnatal changes in maximum specific force and maximum unloaded shortening velocity (91).
With phrenic denervation at P7, the postnatal growth of DIAm fibers is blunted (Fig. 4) . Expression of MHC Neo persists, and emergence of MHC 2X and MHC 2B is delayed (32, 33). At both P21 and P28, maximum specific force is reduced and maximum unloaded shortening velocity is slowed compared with control DIAm (91). Clearly, the communication between motoneuron and muscle fibers can take the form of neural electrical activity (i.e., propagated action potentials) and/or a neurogenic trophic influence.
However, a variety of environmental factors may also be altered by denervation including external load, muscle blood flow, local oxygen tension, and accumulation of metabolites. Any or all of these factors may influence the properties of motor units. Studies in which the emergence of specific neural properties is disrupted (e.g., by preventing expression of Ca 2+ -activated K + conductances necessary for increased firing rates perinatally) are needed to refine our understanding of motoneuron effects on the development of motor unit types.
Role of Activity. At the present time, any activity-dependent effects on motoneuron growth or remodeling are incompletely understood. A multiplicity of factors likely determine the size of dendritic arbors in motoneurons (52). However, it is worth noting that those motoneurons belonging to the least active motor units (type FInt and FF motor units) are much larger than motoneurons belonging to type S and FR motor units. In addition, the determinants of matching motoneuron and muscle fiber properties need further study.
Whether activity levels or specific patterns of activity determine the concerted growth of all components of motor units (independent for instance of innervation ratio) is presently unknown.
Activity-dependent adaptations of muscle fibers may be mediated by changes in myoplasmic Ca influence for muscle fiber growth during perinatal development remains to be determined. Developmental and motor unit type differences in neuregulin and ErbB receptor expression need to be explored.
Other trophic factors (e.g., insulin growth factor-1, IGF-1) also increase protein synthesis and induce muscle hypertrophy. Indeed, IGF-1 and neuregulin share similar intracellular signaling pathways including PI3K/Akt activation, which result in increased protein synthesis and muscle growth. In this sense, it is interesting to speculate that postnatal growth of DIAm fibers may be differentially regulated by neuregulin and IGF-1 such that nerve-derived neuregulin may contribute to cross-sectional growth whereas IGF-1 contributes to the longitudinal growth (Fig. 4) .
Conclusions and Future Directions
Despite the vital importance of respiratory muscles, previous studies have provided mostly descriptive information about its development and growth. Accumulating information regarding neural and muscle development derived from in vitro model systems may prove applicable to the mechanisms regulating motor unit development in vivo. Important adaptations occur perinatally in all of the components of a motor unit: the motoneuron, the neuromuscular junction and the target muscle fibers, allowing for an increased range of possible ventilatory and non-ventilatory behaviors. In this sense, an integrative approach to the study of postnatal development of respiratory muscles, such as the DIAm, is direly needed; one which would also take into account the maturation of other systems, e.g., the central nervous system, the lung, the thoracic and abdominal walls. 
